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Silicified  Cells  of  Grasses:  A  Major 
Source  of  Plant  Opal  in  Illinois  Soils 

O.  T.  BONNETT,  PROFESSOR  OF  PLANT  MORPHOLOGY,  EMERITUS 

BOTANISTS  HAVE  REPORTED  that  silica  is  found  in  the  walls  and  lumen  of 
the  cells  of  many  plants,  especially  grasses,  sedges,  rushes,  and  horsetails. 
Silicified  cells  of  the  epidermis  are  the  most  common,  but  other  cells  may 
also  be  involved.  All  parts  of  the  plant,  except  the  roots,  may  have  silicified 
cells. 

Soil  scientists  in  Australia,  England,  and  the  United  States  have  been 
interested  in  silicified  plant  cells  as  a  component  of  the  inorganic  portion 
of  the  soil.  Silicified  plant  cells  have  been  found  in  varying  quantities  in 
different  locations,  and  in  different  soil  types  and  soil  groups. 

Silicified  cells  can  be  identified  in  the  cleared  leaf  blade,  sheath, 
stem,  and  in  parts  of  the  inflorescence  of  grasses.  They  may  be  isolated 
by  the  removal  of  the  organic  matter  by  ashing  or  chemical  treatment. 
Botanists  call  the  silicified  cells  isolated  from  plant  tissue  silica  skeletons. 

Several  terms  are  used  by  soil  scientists  to  designate  silicified  cells  that 
are  released  to  the  soil  by  burning,  decay,  or  animal  excrement.  They  are 
called  plant  opal,  phytoliths,  or  grass  opal.  The  term  opal  has  been  used 
because  of  the  color  of  the  particles  in  reflected  light.  Phytolith  comes  from 
phytolithology,  the  science  of  fossil  plants.  Since  grasses  are  the  major 
source  of  silicified  plant  cells  in  prairie  soil,  the  silicified  cells  have  been 
called  grass  opal.  Plant  opal  and  opal  phytoliths  are  the  terms  most  often 
used  by  soil  scientists. 

It  is  the  purpose  of  this  publication  to  describe  the  location,  size,  and 
shape  of  silicified  cells  in  the  tissues  of  some  of  the  cereals,  weedy  grasses, 
and  native  grasses  found  in  Illinois  and  to  compare  the  silicified  cells  with 
the  plant  opal  found  in  Illinois  soils. 

MATERIALS  AND  METHODS 

Grasses  that  were  representative  of  cereals,  weedy  grasses,  and  native 
grasses  were  used  in  this  study.  The  species  were  representative  of  the 
Festucoideae,  Panicoideae  and  Chloridoide  (Prat,  1936).  Rushes,  sedges, 
horsetails,  cucumbers,  squashes,  and  gourds  were  also  examined  for  silic- 
ified cells. 
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Leaves,  leaf  sheaths,  stems,  and  parts  of  the  inflorescence,  either  green 
or  dried,  were  cleared  so  that  the  silicified  cells  could  be  located  and 
identified.  Dry  material  was  boiled  until  it  was  as  turgid  as  fresh  material 
and  then  cleared.  Chlorophyll  was  first  removed  by  placing  the  plant  ma- 
terial in  a  solution  of  one-half  glacial  acetic  acid  and  one-half  70  percent 
ethanol  and  heating  it,  to  just  below  boiling,  until  the  chlorophyll  was  re- 
moved. The  material  was  then  rinsed  in  three  changes  of  25  percent 
ethanol  in  water  at  5-minute  intervals.  It  was  next  placed  in  a  5  percent 
solution  of  sodium  hypochlorite  (chlorox)  until  the  sections  were  white, 
then  rinsed  in  two  or  three  changes  of  tap  water.  After  passing  the  material 
through  an  alcohol  series  (70  percent-95  percent,  absolute)  to  xylene,  it  was 
mounted  (Permount). 

Silica  skeletons  were  separated  from  plant  tissue  by  the  wet  method. 
Either  dry  or  fresh  tissue  was  cut  into  small  pieces,  placed  in  a  beaker,  and 
covered  with  concentrated  sulfuric  acid  until  it  was  black  and  had  dis- 
integrated. This  usually  required  about  5  minutes,  sometimes  longer  with 
thick  or  hard  tissue.  A  20  percent  solution  of  chromium  trioxide  (CrO3) 
in  water  was  added  slowly  to  the  sulfuric  acid  and  plant  material  until  the 
solution  stopped  boiling.  The  mixure  was  poured  into  a  Florence  flask,  a 
large  quantity  of  water  was  added,  and  it  was  set  aside  for  an  hour  or  two 
to  let  the  particles  settle.  The  liquid  was  carefully  poured  off,  leaving  the 
silicified  cells  in  the  bottom  of  the  flask.  The  addition  of  water  and  decanta- 
tion  was  repeated  until  the  solution  was  clear.  The  silicified  cells  were  col- 
lected on  filter  paper  in  a  funnel  or  a  vacuum  filter. 

Cells  of  different  sizes,  groups  of  cells,  and  silica  bodies  can  be  separated 
by  repeated  decantation.  The  separation  into  different  sizes  is  only  approx- 
imate, but  it  affords  an  opportunity  to  study  more  material  of  the  same 
approximate  size  than  in  a  mixed  sample. 

When  silicified  cells  are  dry,  they  may  be  mounted  on  a  micro-slide. 
The  author's  method  of  mounting  was  as  follows:  a  drop  of  adhesive  was 
placed  on  a  micro-slide,  then  a  small  quantity  of  silica  skeletons  was  added 
to  the  adhesive  which  was  spread  over  the  slide.  The  slide  was  dried, 
Permount  was  added,  and  a  cover  slip  was  put  on.  Thus  a  permanent 
mount  was  provided  for  study. 

A  satisfactory  adhesive  is  Formula  III,  given  by  Sass  (1951).  It  is  for 
materials  difficult  to  affix  to  a  slide.  There  are  two  solutions:  A,  which 
consists  of  1  g  of  gelatin,  0.5  g  of  sodium  benzoate,  and  100  ml  of  water; 
and  B,  which  consists  of  1  g  of  chrome  alum  (chromium  potassium  sul- 
phate), 90  ml  of  water,  and  10  ml  of  40  percent  formalin.  The  two  solu- 
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tions  are  stable  when  kept  separate.  For  use,  mix  1  volume  of  A  with  6  to 
15  volumes  of  B  and  filter  the  mixture  into  a  dropper  bottle.  It  will  keep 
in  a  refrigerator  for  months. 

Photomicrographs  were  taken  of  cleared,  unstained,  or  stained  leaves, 
or  other  plant  tissue.  Cleared  plant  parts  were  stained  with  a  few  drops 
of  a  concentrated  solution  of  Safranin  O  and  a  1  percent  solution  of  acid 
Fuchsin  in  95  percent  ethanol.  The  plant  parts  were  usually  stained  suf- 
ficiently in  1  to  2  hours.  The  material  was  differentiated  in  95  percent 
ethanol,  passed  through  absolute  ethanol  and  xylen,  and  mounted  in 
Permount.  Silicified  cells  are  not  stained  or  are  poorly  stained  so  they  are 
easily  identified.  (Fig.  7,  A-H;  8,  D-G) . 

Silica  skeletons  obtained  by  the  wet  process  are  difficult  to  stain. 
Usually  there  is  enough  color  in  the  silica  skeletons  for  satisfactory  micro- 
scopic examination.  Staining  usually  results  in  an  unattractive  slide  since 
some  particles  stain  more  deeply  than  others.  However,  even  though  they 
were  not  uniform,  stains  were  an  aid  in  identifying  the  silica  skeletons  and 
silica  particles.  Three  stains  did  a  fairly  good  job  of  staining  silica  skeletons : 
a  solution  of  iodine-potassium  iodide  in  80  percent  ethanol,  a  0.5  percent 
solution  of  malakite  green,  and  a  1  percent  solution  of  Bismark  Brown  in 
70  percent  ethanol.  The  silica  skeletons  were  covered  with  the  stain  for 
an  hour.  They  were  then  collected  on  filter  paper,  washed  to  remove  the 
excess  stain,  and  processed  for  mounting. 

SILICA  DEPOSITS  IN  GRASS  TISSUE 

Grass  is  the  major  source  of  plant  opal  found  in  the  soils  of  Illinois, 
other  parts  of  the  United  States,  England,  and  Australia.  This  has  been 
pointed  out  by  Beavers  and  Stephens  (1959)  and  Jones  and  Beavers 
(1964a)  for  Illinois,  Jones,  McKenzie,  and  Beavers  (1964c)  for  Michigan, 
Wilding  for  Ohio  (1967),  Twiss  et  al.  (1969)  for  Kansas,  Smithson  (1956, 
1958)  for  Britain,  and  Baker  (1959a,  1959b)  for  Australia.  Plant  opal  of 
the  sizes  5  to  20  microns  and  20  to  50  microns  (Figs.  10,  11)  used  by  Jones 
and  Beavers  (1963b,  1964a)  have  a  whole  range  of  particles  comparable 
to  the  silica  skeletons  isolated  from  the  grasses  used  in  this  study,  but  the 
material  isolated  by  Wilding  (1967)  is  more  limited  in  the  range  of  sizes 
and  cell  types. 

Before  a  discussion  of  the  range  in  size  and  shape  of  plant  opal  can 
take  place,  the  types  of  grass  cells  that  become  silicified  must  be  described 
and  illustrated. 

Silica  may  be  deposited  in  the  cells  of  the  dermal,  vascular,  and  funda- 
mental tissues  of  the  plant.  All  of  the  aerial  parts  of  the  grass  plant  have 
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silicified  cells  in  varying  amounts.  Smithson  (1958)  found  no  evidence  that 
grass  roots  have  silicified  cells;  however,  Yoshida,  Onishi,  and  Kitagishi 
(1962)  found  silicified  cells  in  all  tissues  of  the  rice  plant,  including  the 
roots.  The  epidermis  has  more  cells  infiltrated  than  the  other  two  tissues. 
Tracheary  elements  are  sometimes  silicified  (Fig.  9,  D).  In  some  grasses, 
for  example  Avena  saliva,  silicified  vessel  elements  and  tracheids  are  quite 
common  but  they  are  infrequent  in  most  grasses.  The  mesophyll  of  the 
leaf  is  often  silicified  (Fig.  9,  B) . 

Silica  is  abundant  in  the  aerial  parts  of  Gramineae  (grasses)  ;  Esqui- 
setum  (horsetails)  ;  and  Cyperaceae  (sedges)  Eames  and  MacDaniels, 
1947).  Silica  composes  71  percent  of  the  ash  of  Equisetum  telemantia,  51 
percent  of  the  straw  of  barley,  67  percent  of  the  straw  of  wheat,  and  46 
percent  of  the  straw  of  oats  (Miller,  1938)  (Kaufman,  et  al,  1969) .  The 
native  grasses  and  weedy  grasses  as  well  as  the  cereal  crops  have  varying 
amounts  of  silica.  Flint  (1888)  has  a  table  giving  an  analysis  of  the  ash 
of  twenty  grasses  and  three  legumes.  The  silica  content  of  the  ash  of  the 
grasses  ranged  from  16  percent  for  annual  spear  grass  (Poa  annua  L.)  to 
59  percent  for  Italian  rye  grass  (Lolium  multiflorum  Lam.)  in  flower;  and 
for  red  clover,  white  clover,  and  sanfoin  in  flower  the  content  was  0.59, 
3.68,  and  3.22  percent,  respectively. 


Fig.  1.  Adaxial  (lower)  surface  of  the  leaves  of  two  grasses.  Cells  of  the  same  kind,  or 
same  combination  of  different  kinds,  are  arranged  in  rows  that  are  parallel  to  the  long 
axis  of  the  leaf. 

A.  A  portion  of  a  leaf  of  Agropyron  smithii  Rybd.   (Fistucoideae)  having  a  row  of 
stomata  with  long  cells  on  either  side  of  the  intervascular  area.  In  the  next  rows, 
long  cells  which  have  sinuous  lateral  walls  alternate  with  silica-cork  pairs.  The  silica 
cell  is  toward  the  tip  of  the  leaf.  X  200. 

B.  A  part  of  a  leaf  of  Panicum  virgatum  L.  (Panicoideae]  showing  a  row  of  stomata 
and  long  cells  in  the  intervascular  area,  which  is  not  as  wide  as  that  in  A.  The  walls 
of  the  long  cells  are  not  as  sinuous  as  those  of  A.  smithii.  Rows  of  dumbbell-shaped 
silica  are  shown  in  the  center  and  to  the  right  of  the  picture,  indicating  the  location 
of  vascular  bundles.  X  200. 

(g  =  guard  cells;  Ic  =  long  cells;  s  =  subsidiary  cells;  si-b  =  silica  bodies;  si-ck 
=  silica-cork  cells;  sto  =  stomata) 


Fig.  2.  Silica  deposits  in  young  cells  of  Sefer/a  faberii  Hermm. 

A.  Tip  of  a  leaf  blade  about  1  mm.  wide  showing  silica  deposits  in  the  epidermal 
cells.  Silica  deposits  are  indicated  by  the  black  side  walls  and  granular  appearance 
of  the  lumen.  XI 50. 

B.  In  a  cleared  section  of  a  very  young  leaf,  nodular  and  dumbbell-shaped  silica 
bodies  in  the  epidermal  cells  are  shown  on  top  of  the  vascular  bundle.  X  340. 

(si-b  —  silica  bodies;  si-d  —  silica  deposit) 
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Roots  take  up  silica  in  the  form  of  silicic  acid  or  silicates  which  are 
deposited  in  the  lumen,  the  cell  wall,  or  both,  as  silica  (SiO2)  (Bonner  and 
Gaston,  1952).  Under  normal  conditions  silica  seems  to  have  no  function 
but  under  phosphorus-deficient  conditions  it  can,  in  part,  substitute  for 
phosphorus  (Thatcher,  1921).  Silica  is  deposited  as  a  layer  beneath  the 
cuticle  and  in  the  outer  cell  layer  of  the  rice  leaf,  leaf  sheath,  and  glumes. 
The  silica  deposit  reduces  the  susceptibility  of  rice  to  fungus  (Yoshida, 
Onishi,  and  Kitagishi,  1962) .  Some  regard  deposits  of  silica  as  a  physio- 
logical mechanism  to  rid  the  cell  of  excess  minerals. 

Cellulose  in  the  cell  wall  consists  of  chainlike  cellulose  molecules  form- 
ing submicroscopic  rod-shaped  units  called  micelles.  The  bundles  of  cellu- 
lose molecules  form  a  porous  coherent  system,  the  micellar  system.  The 
spaces  between  the  micelles  are  the  intermicellar  system  (Bailey,  1939; 
Bonner,  1950;  Esau,  1953).  The  spaces  between  the  micelles  may  contain 
lignin,  waxes,  pectic  substances,  other  organic  compounds,  and  silica.  When 
cells  impregnated  with  silica  are  treated  to  remove  the  cellulose,  the  silica 
in  the  intermicellar  spaces  remains  in  the  form  of  the  cell  or  portion  of 
the  cell  that  was  impregnated.  These  are  called  silica  skeletons  (Zimmer- 
man, 1901)  as  well  as  by  the  terms  plant  opal,  phytoliths,  or  grass  opal. 

Silica  may  be  deposited  in  the  cell  wall,  the  lumen,  or  both.  A  part  of 
a  cell  wall,  one  cell  wall,  or  all  cell  walls  may  be  silicified.  When  the  walls 
but  not  the  lumen  are  silicified,  the  lumen  is  clear.  When  the  lumen  is 
silicified,  it  may  have  a  granular  appearance  or  it  may  only  be  opaque. 
Fundamental  cells,  bulliform  cells,  and  hooked  hairs  are  often  granular. 
Silica  bodies  seldom  have  a  granular  appearance,  but  they  have  one  or 
more  small  spots  which  resemble  bubbles. 

When  silica  skeletons  are  isolated  from  grass  tissue  by  oxidation  with 
sulfuric  and  chromic  acids  and  washed,  two  kinds  of  silica  are  found.  There 
are  silicified  cells  and  parts  of  cells,  and  small  fragments  of  various  shapes 


Fig.  3.  Pairs  of  silica-cork  cells  in  the  epidermis  of  grass.   Photographs  A  through   D  are 
from  A  vena  saf/va  1.  (A-D)  and  Elymus  virginicus  L.  (E). 

A.  Meristematic  stage  in  the  protoderm  of  a  leaf  of  Avena.  Reduction  division  is 
occurring  in  one  cell.  The  two  daughter  cells  will  develop  into  a  silica  and  a  cork 
cell.  X900. 

B.  Longi-section  of  a  leaf  showing  a  pair  of  silica-cork  cells.  X  900. 

C.  A  pair  of  silica-cork  cells  viewed  from  the  surface  of  the  leaf.  X900. 

D.  Abaxial  (outer)  surface  of  the  palea  of  an  oat  floret.  The  long  cells  have  thick, 
undulating  lateral  walls,  and  alternate  in  the  row  with  pairs  of  silica-cork  cells. 
X400. 

E.  Abaxial  (lower)  surface  of  a  leaf  of  Elymus  virginicus  L.  showing  pairs  of  silica- 
cork  cells,  long  cells,  and  stomata.  X  150. 

(ck  =  cork  cell;  md  =  reduction  division  of  a  protodermal  cell;  si  =  silica  cell; 
si-ck  =  silica-cork  cells;  sto  =  stoma) 
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and  sizes  that  can  be  seen  with  a  microscope  but  are  difficult  to  photograph 
(Fig.  13,  C).  The  fragments  and  pieces  can  be  identified  as  parts  of  cell 
walls,  trichromes,  and  small  bits  of  silica  from  the  lumen  of  the  cell.  Frag- 
ments are  found  in  plant  opal  5  to  20  microns  in  size,  but  they  are  not  the 
thin  silica  fragments  found  in  prepared  material.  Jones  and  Beavers 
(1964a)  stated  that  only  a  fraction  of  the  opal  phytoliths  in  the  Illinois 
soil  types  they  investigated  is  represented  by  the  20-  to  50-micron  material. 
According  to  Jones  and  Beavers  (1964a),  the  plant  opal  separated  from 
the  soils  they  sampled  represents  only  about  one-third  of  the  plant  opal  in 
those  soils.  No  doubt  part  of  the  plant  opal  not  included  in  the  fractions 
which  were  isolated  consists  of  fragments. 

Silica  is  deposited  in  the  cells  of  Setaria  faberii  Beauv.  at  a  very  early 
stage  of  seedling  development.  It  is  found  in  the  walls  and  lumen  of  some 
of  the  epidermal  cells  in  the  interior  of  the  leaf  (Fig.  2,  A) .  The  lumen  of 
many  of  the  rectangular  cells  that  alternate  with  the  hooked  trichomes  in 
the  margins  of  the  leaf  is  filled  with  silica,  but  that  of  the  hooked  trichomes 
is  not.  The  silica  deposit  is  usually  found  in  the  tip  of  the  young  leaf  blade 
which  is  the  oldest  part  of  the  leaf.  Dumbbell-shaped  silica  bodies  are 
easily  identified  in  the  epidermal  cells  which  are  over  the  vascular  bundle 
in  cleared  leaves  (Fig.  2,  B) .  When  the  organic  matter  of  young  leaves  of 
Setaria  faberii  is  oxidized,  silica  skeletons  of  epidermal  cells,  trichomes, 
rectangular  cells  from  the  margin  of  the  leaf,  dumbbell-shaped  silica 
bodies,  and  chunks  of  silica  are  also  found.  In  very  young  leaves  of  Setaria 
faberii  Beauv.  dumbbell-shaped  silica  bodies  are  predominant.  A  very  few 
rectangular  pieces  from  the  leaf  margin  are  found  but  no  hook-shaped 
trichomes  are  present. 

Young  leaves  of  tetraploid  Zea  Mays  L.,  Avena  saliva  L.,  and  Triticum 
vulgare  L.  have  been  cleared  and  examined.  Silicified  epidermal  and  other 
kinds  of  cells  are  present  at  the  tip  and  margins  of  the  leaves,  but  they  are 
few  in  number  when  compared  with  Setaria. 


Fig.  4.  Types  of  silica   bodies  found  in  the  Festucoideae.   They  are  difficult  to   identify   in 
plant  opal. 

A.  Agrostis  alba  L.  has  elongated  silica  bodies  with  sinuous  sides.  X  400. 

B.  The  silica  bodies  in  Avena  saliva  L.  are  like  those  of  Agrostis  alba  L.  but  longer. 
X400. 

C.  F.  Silica  bodies  from  Bromus  marginatus  Nees.  have  sinuous  sides  but  they  are 
shorter  with  more  rounded  ends  than  these  in  A  and  B.  C,  X400;  F,  XI 50. 

D.  Hordeum  vulgare  L.  has  silica  bodies  with  less  sinuous  sides  than   the  other 
species  shown.  X340. 

E.  Silica  bodies  in  Secale  cereale  L.  are  variable  in  length  with  square  ends  and 
straight  sides.  X150. 

(si-b  =  silica  body) 
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KINDS  OF  EPIDERMAL  CELLS 

Prat  (1936,  1948)  has  placed  the  epidermal  cells  in  the  following 
groups:  long,  or  fundamental  cells;  short,  or  specialized  cells;  and  bulli- 
form  cells.  The  fundamental  cells  are  long  cells  with  straight,  undulating, 
or  deeply  furrowed  walls.  The  specialized  cells  are  silica,  cork,  exodermic 
elements,  and  stomata.  Bulliform  cells  are  highly  vacuolated  cells  of  the 
epidermis  which  are  usually  in  bands  between,  and  parallel  with,  the  veins. 

Metcalfe  (1960)  states  that  most  cells  of  the  epidermis  are  of  two  sizes: 
long  and  short  cells.  Long  cells  correspond  with  the  fundamental  and  bulli- 
form  cells  and  the  short  cells  with  the  specialized  cells  of  Prat  (1936, 
1948).  In  addition  to  the  two  groups  of  cells  based  on  size,  Metcalfe 
(1960)  described  several  kinds  of  specialized  cells.  They  are:  silica,  cork, 
cells  containing  silica  bodies,  stomata,  and  dermal  appendages.  (The  der- 
mal appendages  are  macro-hairs,  micro-hairs,  prickle-hairs,  and  papillae.) 

SILICA-CORK  CELLS 

Pairs  of  silica-cork  cells  are  found  in  the  epidermis  of  most  grasses 
(Figs.  1,  A;  3,  B-E).  They  are  located  over  and  between  the  veins.  The 
silica-cork  cells  alternate  in  the  row  with  fundamental  cells,  or  they  may  be 
spaced  at  varying  intervals  in  the  row.  Silica-cork  cells  are  usually  associated 
not  with  straight,  thin-walled  fundamental  cells,  but  with  the  undulating, 
thick-walled  cells  of  the  glumes,  culm,  leaf  sheath,  and  leaf  blade  of  the  top 
three  leaves  beneath  the  inflorescence.  Leaves  of  young  plants  and  the  basal 
leaves  of  a  stem  bearing  an  inflorescence  usually  have  straight,  thin-walled 
fundamental  cells  and  do  not  have  silica-cork  cells. 

Silica-cork  cells  are  formed  by  a  transverse  division  of  a  protodermal 
cell  (Fig.  3,  A).  (The  cell  toward  the  apex  of  the  plant  part  is  the  silica 
cell  and  the  one  toward  the  base  is  the  cork  cell.)  The  silica  cell  fits  against 
the  cork  cell  and  may  be  partly  enclosed  by  it.  The  silica  cell  when  viewed 


Fig.   5.   Types  of  silica   bodies  found   in  the  Panicoideae   (A-E)   and  Ch/or/deae   (F).   These 
types  of  silica  bodies  are  not  difficult  to  identify  in  plant  opal. 

A.  Dumbbell-shaped  silica  bodies  of  Aristida  intermedia  Schrib.  and  Ball  have  a 
long  bar  between  the  spheres.  X430. 

B,  C,  D.  Dumbbell-shaped  silica  bodies  with  short  bars:  B.  Cenchrus  planciflorus, 
Benth.  X364;  C.  Andropogon  scoparius  L.,  X430;  D.  Setaria  viridis  ((L.)  Beauv.), 
X364. 

E.  Cross-shaped  silica  body  of  Tripsacum.  X  364. 

F.  Saddle-shaped  silica  bodies  of  Bouteloua  curtipendula  (Hichx.)   Torr.  A  micro- 
hair  is  shown  at  the  right  of  the  photograph.  X430. 

(mh  =  micro-hair;  si-b  =  silica  body) 
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from  the  surface  of  the  plant  part  is  usually  oblong  or  round  but  it  may 
be  square-,  cross-,  or  saddle-shaped.  In  longitudinal  section  the  silica  cell 
is  wider  at  the  surface  and  tapers  toward  the  interior  of  the  leaf  (Bonnett, 
1961)  (Fig.  3,  B,  si).  The  silica  cell  may  taper  to  a  point  forming  a  cone- 
shaped  body,  or  it  may  be  in  the  shape  of  a  truncated  cone. 

Silicification  always  occurs  in  the  silica  cell  and  may  occur  in  some  of 
the  cork  cells.  As  the  silica-cork  cells  develop,  the  cytoplasm  and  nucleus 
of  the  silica  cells  gradually  lose  their  ability  to  take  stain  but  the  cork  cell 
does  not  (Fig.  3,  B,  C,  si) .  The  loss  of  the  ability  to  take  stain  indicates  a 
change  in  the  chemical  characteristics  of  the  nucleus  and  cytoplasm  which 
is  the  result  of  silicification  since  silica  is  very  difficult  to  stain.  Kaufman 
et  al.  (1969),  in  an  electron  microprole  analysis  of  the  deposit  of  silica  in 
epidermal  cells  of  Avena,  concluded  that  silica  was  deposited  quite  rapidly 
in  the  silica  cell  and  very  slowly  in  the  cork  cell.  The  location  of  the  nucleus 
is  indicated  by  one  or  more  small  spots  which  resemble  bubbles  and  are 
seen  as  black  spots  in  the  silica  cell  (Fig.  3,  E,  si-ck).  Silica-cork  cells  are 
prominent  in  most  of  the  plant  parts  of  Agropyron  smithii  Rybd.,  Elymus 
virginicus  L.,  Hordeum  vulgare,  Secale  cereale  L.,  and  Triticum  vulgare  L. 
as  well  as  in  other  species  of  Hordeae.  Many  other  grass  species  have  silica- 
cork  cells  in  pairs,  but  they  are  not  as  prominent  as  in  the  species  men- 
tioned above.  Usually,  silica-cork  cells  are  in  the  glumes  and  lemma  of 
grasses. 


Fig.  6.  Trichomes  (macro-hairs  and  micro-hairs)  of  various  types  and  sizes.  Macro-hairs 
have  single  cells  and  all  types  may  become  silicified  and  be  found  in  plant  opal.  Micro- 
hairs  have  a  basal  and  apical  cell  but  only  the  basal  cell  may  become  silicified. 

A.  Short,  sharp-pointed  trichomes  on  the  leaf  surface  of  Hordeum  jubatum  L.  They 
are  located  between  and  over  the  vascular  bundles.  X  130. 

B.  Sharp-pointed  trichomes  on  the  leaf  surface  of  Bromus  marginatus  Nees.   are 
larger  than  in  A.  X  130. 

C.  Micro-hairs  of  Sorghum  halepense  (L.)  Pers.  have  a  short  basal  cell  and  a  long 
apical  cell  which  are  similar  in  many  grasses.  X  400. 

D.  Micro-hairs  of  Eragrostis  curvula   (Shrad.)  Nees.  have  a  long  basal  cell  and  a 
short  rounded  apical  cell,  illustrating  a  type  opposite  to  S.  halepense  in  C.  X400. 

E.  Long,  pointed  trichomes  on  the  leaf  surface  of  Bromus  tectorum  L.  taper  to  a 
point.  XI 50. 

F.  A  group  of  cells  on  the  surface  of  the  leaf  of  Zea  mays  L.  form  a  cushion  from 
which  a  long  trichome  extends.  XI 50. 

G.  Hooked  trichomes  on  the  margin  of  the  leaf  of  Bromus  inermis  Leyss.  The  two 
trichomes  labeled  have  silica  in  the  lumen.  This  type  is  frequently  found  in  plant 
opal.  XI 50. 

H.  A  transection  of  a  leaf  of  Panicum  capillare  L.  shows  cells  of  the  cushion  at  the 

base  of  a  long  trichome.  X430. 

I.  Trichomes  at  the  tip  lemma  of  a  floret  of  Leersia  oryzoides  L. 

(cu  =  cushion  cells;  tr  =  trichome) 
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Silica  cells  are  among  the  small  particles  of  plant  opal.  They  were 
present  in  the  5-20  micron  size  particles  (Fig.  10,  A,  B)  isolated  by 
Jones  and  Beavers  (1964a)  but  they  were  not  observed  in  the  20-50 
micron  size  particles  (Fig.  11,  A-D) .  While  silica-cork  cells  are  produced 
in  the  epidermis  on  all  parts  of  the  grass  plant,  they  constitute  a  minor 
quantity  of  the  plant  opal  derived  from  grasses  although  the  number  of 
silica  cells  is  quite  high.  There  is  no  difficulty  in  finding  silica  cells  in 
the  small  particles  separated  from  silica  skeletons  of  the  Agropyrons  or 
other  grasses  which  have  an  abundance  of  silica-cork  cells. 

Short  cells  that  are  not  paired  with  cork  cells  are  found  over  and 
between  the  vascular  bundles.  However,  single  cells  do  not  occur  as  fre- 
quently as  the  silica-cork  combination.  Not  all  of  the  single  cells  are 
silicified  but  the  silica  cells  of  the  silica-cork  pairs  are  almost  without 
exception  completely  silicified. 

Some  grasses  (Aegilops,  Agropyron,  Phleum  praetense  L.,  Triticum 
vulgar e  L.)  have  short  cells  that  have  a  thick,  sinuous  cell  wall  with  simple 
pits.  When  the  lumen  is  completely  filled,  the  silica  penetrates  the  pits 
(Fig.  7,  G).  When  silica  skeletons  are  isolated  from  the  glumes  or  leaves, 
these  short  cells  appear  to  be  covered  with  prickles  which  are  the  result  of 
silica  deposited  in  the  pits.  These  cells  also  have  short,  rounded  points  that 
can  be  seen  in  longi-  or  cross-sections  of  leaves  and  in  the  silica  skeletons. 

Single  short  cells  are  not  easily  identified  in  plant  opal.  They  are  nearly 
the  same  size  as  the  silica  cell  of  the  silica-cork  combination.  They  are  also 
without  any  characteristic  shape  except  those  which  have  silica  prickles  on 
them,  as  described  above. 

Short  cells  which  are  silicified  make  up  a  very  small  quantity  of  plant 
opal  when  compared  with  the  silica  cells  of  the  silica-cork  pair. 

SILICA  BODIES 

The  shape  of  the  silica  bodies  formed  in  the  short  cells  over  the  veins 
can  be  used  to  identify  the  subfamilies  of  the  Gramineae  and  also  some 
of  the  tribes. 


Fig.  7.  Epidermal  cells  containing  silica  are  shown.  The  silicified  cells  can  easily  be  identi- 
fied by  the  black  cell  walls  and  granular  appearance  of  the  lumen. 

A.  Secale  cereale  L.  X  150;  B.  Agropyron  smithii  Rydb.  X  150;  C.  Leersia  oryzoides 
(L.)  S.W.  X  150;  D.  Panicum  clandestinum  L.  X  150;  E.  Setaria  lutescens  (Weigel) 
Hubb.  X150;  F.  Elymus  canadensis  L.  X150;  G.  Agropyron  smithii  Rydb.   X440; 
H.  Panicum  dicotomiflorum  Michx.  X  150. 
(sc  =  short  cell;  sto  =  stoma) 
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The  silica  bodies  in  the  Festucoideae  vary  in  length  and  width  and  have 
sinuous  or  straight  sides  (Fig.  4,  A-F).  The  ends  may  be  rounded,  but 
if  the  ends  are  not  rounded,  the  cross  walls  may  be  oblique  or  at  a  right 
angle  to  the  sides.  Short  silica  bodies  are  also  round,  oblong  or  elliptical. 
Hitchcock  (1950)  and  Prat  (1936)  have  placed  the  tribes  Aveneae, 
Agrostideae,  Festuceae,  and  Hordeae  in  the  Festucoideae  which  are  com- 
mon in  Illinois. 

Prat  (1936,  1948)  divided  the  sub-family  Panicoideae  into  two  groups, 
Eu-Panicoides  and  Chlorides.  In  the  Eu-Panicoides  are  the  tribes  Melin- 
deae,  Paniceae,  Tripsaceae  and  Andropogoneae  which  are  the  same  ones 
that  Hitchcock  (1950)  placed  in  the  sub-family  Panicoideae.  Prat  (1936) 
also  placed  a  number  of  other  species  in  the  Panicoideae  which  Hitchcock 
(1950)  classified  in  the  Festucoideae.  In  the  Chlorideae,  Prat  (1936) 
placed  the  tribes  Chlorideae  and  Zoysieae  and  the  species  Eragrostis  and 
Sporobolis. 

The  Panicoideae  (Hitchcock,  1950)  and  the  Eu-Panicoideae  (Prat, 
1936)  have  dumbbell-  or  cross-shaped  silica  bodies  over  the  vascular 
bundles.  The  bar  of  the  dumbbell  may  be  long  as  in  Aristida  intermedia 
Scrib.  and  Ball  (Fig.  5,  A)  or  short  as  in  Andropogon  scoparius  (Fig. 
5,  C) .  The  spheres  of  the  dumbbell  may  be  concave  where  they  fit 
against  the  cells  in  the  same  row.  Occasionally  some  of  the  bars  may  have 
a  rounded  protuberance  on  one  side  between  the  spheres,  or  a  third  sphere 
may  be  found  between  the  terminal  spheres.  The  bar  of  the  dumbbell  may 
be  so  short  that  the  silica  body  resembles  a  St.  Andrews  cross  (Fig.  5,  E) . 

Short-barred  dumbbell-  and  cross-shaped  silica  bodies  are  found  in 
Tripsacum,  Zea,  and  other  Tripsaceae.  Leersia  and  Oryza  have  a  dumbbell- 
shaped  silica  body  with  a  very  short  bar  or  cross-shaped  silica  bodies. 
Leersia  and  Oryza  have  two  or  more  rows  of  dumbbell-shaped  silica  bodies 
over  the  large  vascular  bodies  and  in  a  single  row  over  the  small  vascular 


Fig.  8.  Silica  deposits  in  bulliform  cells. 

A.  Transaction  of  a  leaf  of  Sorgastrum  nutans  (L.)  Nash,  showing  bulliform  cells 
with  silica  deposited  in  the  walls  and  lumen.  X  150. 

B.  Andropogon  furcatus  Vitman.,  and  C.  Eragrostis  cilinensis   (All.)   Lutati.  illus- 
trate two  types  of  arrangements  of  bulliform  cells.  There  is  no  silica  in  the  bulliform 
cells  in  the  sections  illustrated.  Both  X  100. 

D  —  G.  Surface  view  of  parts  of  cleared  leaf  blades  showing  silica  deposits  in  the 

bulliform  cells.  Bulliform  cells  are  the  chief  source  of  square  and  rectangular  pieces 

of  silica  found  in  plant  opal.  D.  Sorghum  vulgare  Pers. ;  E.  Sorgastrum  nutans  (L.) 

Nash.;  F.  Andropogon  furcatus  Vitman.;  G.  Muhlenbergi  mexicana  (L.)  Trin.  All, 

X150. 

(bl  =  bulliform  cells;  si-bl  =  silicified  bulliform  cells) 
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bundles.  The  dumbbell-  and  cross-shaped  silica  bodies  of  Leersia  and  Oryza 
are  oriented  with  the  bar  or  cross  at  a  right  angle  to  the  long  axis  of  the 
leaf.  In  other  grasses  with  dumbbell-  or  cross-shaped  silica  bodies,  they  are 
oriented  with  the  bar  or  cross  parallel  to  the  long  axis  of  the  leaf. 

Silica  bodies  of  the  Chlorideae  (Bouteloua,  Buchloe,  Elusine,  and 
Eragrostis)  have  been  described  by  Prat  (1936,  1948)  as  having  double- 
edged  battle-axe  shape,  and  by  Metcalfe  (1960)  as  being  saddle-shaped 
(Fig.  5,  F).  The  silica  body  is  indented  at  either  end  where  the  long  cells 
of  the  row  fit  against  it.  The  lateral  margins  of  the  silica  body  are  curved 
from  one  indentation  to  the  other  so  that  it  resembles  the  double-edged  bat- 
tle-axe. Most  of  the  saddle-shaped  silica  bodies  appear  to  be  wider  than 
they  are  long,  but  they  may  be  equal  in  their  dimensions. 

Silica  bodies  are  found  almost  exclusively  in  the  5-20  micron  sized 
plant  opal  isolated  by  Jones  and  Beavers  (1964a).  When  grass  leaves  or 
other  parts  are  treated  chemically  to  obtain  silica  skeletons,  silica  bodies 
are  numerous  in  the  small-sized  fraction  obtained  by  decantation.  Silica 
bodies  are  also  numerous  in  the  small-sized  fraction  of  surface  soil  and  in 
the  manure  of  cattle  grazing  upon  a  grama  grass  pasture. 

The  dumbbell,  cross,  or  battle-axe  silica  bodies  are  not  difficult  to 
identify  in  the  5-20  micron  size  of  plant  opal  where  most  of  the  silica 
bodies  are  found.  The  round,  oblong,  or  elliptical-shaped  silica  bodies  may 
be  mistaken  for  the  silica  skeletons  of  other  cells.  Long  silica  bodies  with 
undulating  sides  can  be  identified,  but  the  straight-sided  ones  cannot. 

Cells  containing  silica  bodies  appear  to  be  completely  filled  with  silica 
except  for  one  or  more  bubbles.  Some  bubbles  appear  to  be  at  the  location 
of  the  nucleus.  Some  silica  bodies  like  those  of  Avena  saliva  L.  (Fig.  4,  B) 
have  many  bubbles.  Other  silica  bodies  of  the  Festucoideae  have  a  limited 
number  of  bubbles.  Dumbbell-shaped  silica  bodies  like  those  of  Arisida 
intermedia  Schrib.  and  Ball  may  have  a  bubble  in  each  of  the  spheres 


Fig.  9.  Cells  of  the  grass  leaf,  some  of  which  are  silicified. 

A.  A  longi-section  of  a  leaf  of  Avena  saliva  L.,  showing  mesophyll  cells  above  and 
below  a  vascular  bundle.  Silicified  pieces  of  mesophyll  are  found  in  plant  opal. 
X440. 

B.  Surface  view  of  the  ends  of  silicified  mesophyll  cells  of  a  leaf  of  Sorgastrum 
nutans  (L.)  Nash.  X150. 

C.  Single  mesophyll  cell  of  Avena  saliva  L.  X440. 

D.  Xylem  and  epidermal  cells  of  Avena  saliva  L.  X440. 

E.  A  transection  of  a  Sorgastrum  nutans  (L.)  Nash,  leaf  showing  a  silicified  lumen, 
and  the  thick  epidermis  and  cuticle  of  bulliform  cells.  X340. 

F.  Silicified  long  cells  of  the  epidermis  of  Avena  saliva  L.  X  150. 

(bl  =  bulliform    cells;    cw  =  cell   wall;    ep  =  epidermis;    me  =  mesophyll;    vb  = 
vascular  bundle) 
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(Fig.  5,  A)  or  the  bubbles  may  be  grouped  in  the  bar.  In  saddle-shaped 
silica  bodies,  the  bubble  is  near  the  middle.  Silicified  cells  other  than  silica 
bodies  may  have  spots  or  bubbles  at  the  location  of  the  nucleus,  but  they 
cannot  be  seen  in  bulliform  cells  or  long  cells  that  are  granulated. 

TRICHOMES  OR  HAIRS  ON  GRASS  PLANTS 

"Trichome"  is  a  collective  term  used  to  designate  all  unicellular  or 
multicellular  appendages  that  are  derived  only  from  cells  of  the  epidermis. 
Trichomes  are  distinguished  from  other  types  of  appendages  which  are 
derived  from  subepidermal  as  well  as  epidermal  cells.  "Hair"  is  a  term 
also  used  instead  of  trichome,  but  plant  hairs  do  not  correspond  with  those 
of  animals.  Metcalfe  (1960)  has  classified  hairs  on  grasses  into  three  major 
groups.  They  are  macro-hairs,  micro-hairs  and  prickle  hairs. 

Macro-Hairs 

Macro-hairs  are  unicellular.  They  are  found  over  and  between  the  veins 
and  in  some  species  on  the  margin  of  the  leaf  (Boutelona  curtipendula) . 
The  base  of  the  hair  may  be  sunken,  superficial,  or  among  a  group  of 
special  cells  forming  a  structure  called  a  cushion  (Fig.  6,  F,  H).  Examples 
of  cushion  hairs  are  Eragrostis  cilianensis  (All.)  Lutati.,  Panicum  capillare 
L.,  Zea  mays  L.,  and  Buchloe  dactyloides  (Nutt.)  Engelm.  Macro-hairs 
may  be  long,  pointed,  and  thin -walled  as  in  Bromus  tectorum  L.  (Fig.  6, 
E),  or  long,  pointed,  and  thick-walled  as  in  Aegilops  cylingrica  Host. 
Straight,  pointed  hairs  are  found  at  the  tip  of  the  lemna  as  a  fringe,  along 
the  major  vascular  bundles  of  the  palea,  and  sometimes  on  the  empty 
glume.  Straight,  sharp  hairs  are  on  the  rachilla  and  the  rachis. 

Micro-Hairs 

Micro-hairs  are  bicellular  hairs  that  are  found  on  the  epidermis  of 
many  parts  of  the  grass  plant  (Fig.  6,  C,  D) .  They  have  been  observed  on 
both  leaf  surfaces,  the  abaxial  surface  of  the  leaf  sheath,  empty  glumes, 
and  lemma.  They  are  found  between  the  veins  but  not  over  them. 

Micro-hairs  are  consistently  found  in  the  Panicoideae  and  the  Chlo- 
rideae  (Prat,  1936).  The  Festucoideae  (Avenae,  Agrostideae,  Festuceae, 
Hordeae,  and  Pahalarideae]  do  not  have  micro-hairs,  a  characteristic 
which  distinguishes  them  from  the  other  two  sub-families. 

The  basal  cell  of  the  micro-hair  is  in  the  epidermis.  It  usually  bends  to 
a  position  at  a  right  angle  to  the  surface  of  the  plant  part  and  is  pointed 
toward  the  apex  of  the  plant  part.  The  basal  cell  has  a  thick  wall,  and  the 
apical  cell  a  thin  wall.  The  apical  cell  can  be  stained  with  a  cytoplasmic 
stain  after  the  basal  cell  has  lost  the  ability  to  absorb  a  cytoplasmic  stain. 


Fig.  10.  Plant  opal  separated  from  soil  by  Jones  and  Beavers  (1964a)  and  designated  as  5-20  n. 
Some  particles  are  larger  or  smaller  than  the  size  range  given  for  this  fraction. 

A,  B.  Plant  opal  of  the  same  size.  X  150. 

(a  =  40  X  50  M;  b  =  50  X  70  /«;  c  =  20  H;  d  =  5  A;  e  =  40  X  50  p;  f  =  40  X  90  /i) 
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The  basal  cell  is  variable  in  length  but  it  is  usually  shorter  than  the 
apical  cell  (Fig.  6,  C).  Various  combinations  of  long  and  short  basal  and 
apical  cells  occur.  In  some  grasses  the  apical  cell  is  shorter  than  the  basal 
cell  and  fits  like  a  cap  on  the  basal  cell  to  form  a  pear-shaped  group  (Fig. 
6,  D) .  The  tip  of  the  apical  cell  may  be  round  (Setaria)  or  sharp  (Andro- 
pogon ) .  The  basal  cell  may  become  silicified  and  may  be  identified  as  a 
pipe-shaped  particle  among  the  small  particles  of  plant  opal.  The  apical 
cell  does  not  become  silicified. 

Prickle-Hairs 

Prickle-hairs  (Metcalfe,  1960)  may  be  hook-shaped  or  straight.  The 
trichomes  are  pointed  toward  the  apex  of  the  plant  part  on  which  they  are 
found.  Hooked  trichomes  are  abundant  on  the  margins  of  the  leaf  blade, 
empty  glumes,  lemna,  and  awns,  and  on  the  axis  of  the  inflorescence  of 
many  of  the  grasses  (Fig.  6,  E) .  Hook-shaped  trichomes  are  also  found 
between,  as  well  as  over,  the  veins  (Agrostis  alba  L.,  Boutelona  curtipendula 
(Michg)  Torr.,  or  Bromus  marginatus  Nees,  etc.)  (Fig.  6,  B).  The  thick, 
straight  trichomes  are  usually  found  at  the  apex  of  the  lemna  and  along  the 
keels  of  the  palea.  These  trichomes  are  thick-walled  and  may  have  the  silica 
deposit  in  the  lumen  of  the  cell  and  in  the  outer  epidermis  (Fig.  6,  G) . 

FUNDAMENTAL  CELLS 

Fundamental,  or  long,  cells  make  up  the  greatest  proportion  of  the  cells 
of  the  epidermis  (Prat,  1948;  Metcalfe,  1960;  Bennett,  1961).  Funda- 
mental cells  are  in  rows  alone  or  in  combination  with  the  differentiated 
cells'  trichomes,  silica-cork  cells,  single  cells,  or  stomata  (Fig.  1,  A,  B).  In 
some  grasses,  there  are  few  differentiated  cells  associated  with  the  funda- 
mental cells  in  the  area  between  the  vascular  bundles  (as  in  Bromis  inermis 
Leyss. ) .  In  other  grasses  the  fundamental  cells  alternate  with  silica-cork 
cells  and  with  stomata  (as  in  Agropyron  smithii  Rybd.) .  Over  the  vascular 
bundles,  fundamental  cells  are  always  in  combination  with  one  or  more 
types  of  specialized  cells. 

The  fundamental  cells  are  without  the  kinds  of  distinguishing  char- 
acteristics that  the  specialized  cells  have,  and  as  a  result  they  are  less 
interesting  than  the  specialized  cells.  However,  fundamental,  or  long,  cells 


Fig.  11.  Plant  opal  separated  from  silt  loam  by  Jones  and  Beavers  (1964a).  The  size  shown 
represents  the  20-50  /'  fraction.  However,  some  of  the  particles  are  larger  or  smaller  than 
the  range  given  for  this  fraction. 

A  —  D.  Photomicrographs  of  different  samples  of  this  fraction.  All,  X  150. 

(a  =  60  X  60  /*;  b  =  110  X  20  /*;  c  =  60  X  30   n;  d  =  30  X  90  fi;  e  =  10  n; 

ky  =  keystone  shape) 
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(Fig.  11) 


24  BULLETIN  No.  742  [September, 

vary  in  several  respects.  They  vary  in  length  and  width  from  a  long,  nar- 
row, rectangular  shape  to  short,  nearly  square  cells.  Their  walls  may  be 
thick  or  thin,  straight  or  undulating  (Fig.  7,  A-H) . 

Fundamental  cells  with  thick,  deeply  furrowed  walls  are  found  in  the 
lemna  and  palea  leaf  sheath,  rachis,  and  node  of  the  stem  (Fig.  3,  D,  E). 
These  are  areas  where  strength  and  special  protection  is  needed,  especially 
in  the  reproductive  parts.  The  shape  and  other  characteristics  of  the  fun- 
damental cells  vary  from  part  to  part  on  the  same  plant  and  from  species 
to  species. 

Any  of  the  fundamental  cells  of  the  epidermis  may  have  their  walls, 
their  lumen,  or  both,  impregnated  with  silica.  Silicification  may  occur  in  a 
single  cell  or  in  a  group  of  cells.  Silicification  seems  to  occur  at  random  in 
the  leaf  (Fig.  7).  The  ends  of  the  mesophyll  cells  in  contact  with  the  epi- 
dermis may  also  become  infiltrated  with  silica,  and  Silicification  of  the 
mesophyll  may  include  whole  cells  (Fig.  9,  B).  Fundamental  cells  are 
found  in  the  greatest  amount  in  the  medium  to  small  fraction  of  plant 
opal,  5-20  microns,  separated  by  Jones  and  Beavers  (1964a)  (Fig.  10,  A, 
B)  as  compared  with  the  20-50  micron  fraction  (Fig.  11,  A-C) . 

BULLIFORM  CELLS 

Bulliform  cells  are  in  the  upper,  adaxial,  surface  of  the  leaf  blade  (Fig. 
8).  Bulliform  cells  have  thin,  smooth,  straight  walls,  and  differ  from  the 
straight-walled  fundamental  cells  in  being  shorter  in  length  but  larger  in 
diameter.  In  most  grasses  the  bulliform  cells  are  restricted  to  an  area  mid- 
way between  the  vascular  bundles.  These  cells  extend  lengthwise  forming  a 
band  of  cells  parallel  with  the  vascular  bundles  (Fig.  8,  D) .  The  band  of 
bulliform  cells  varies  from  a  few  to  many  cells.  In  cross-section  the  bulli- 
form cells  have  an  empty,  unstained  appearance  (Fig.  8,  A,  B,  C).  They 
also  have  a  fan-shaped  arrangement  in  many  of  the  grasses  (Fig.  8,  C) .  In 
cross-section  there  is  a  large  cell  in  the  middle  and  cells  decreasing  in  di- 
ameter on  either  side.  Since  the  cells  vary  in  width  from  the  middle  to 
either  end  and  are  not  arranged  in  the  band  with  corresponding  diameters 
matching,  there  will  appear  to  be  varying  sizes  of  cells  side  by  side  in  the 
cross-section. 


Fig.  12.  Plant  opal  isolated  by  Wilding  (1967). 

A,  B.  Photomicrographs  of  two  groups  of  plant  opal  ranging  in  size  from  20-40  /* 

wide  and  40-80  /*  long.  (These  samples  are  comparable  in  size  to  those  in  Fig.  11.) 

Both  XI 50. 

C,  D.  Photomicrographs  of  plant  opal  similar  to  that  shown  in  A  and  B,  magnified 

to  X320. 

(ky  =  keystone  shaped  from  bulliform  cells;  tr  =  hookshaped  trichome) 
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Silica  is  deposited  in  the  lumen  in  some  of  the  bulliform  cells  of  many 
grasses,  forming  solid  chunks.  This  is  shown  in  a  cross-section  (Fig.  8,  A) 
and  a  longi-section  (Fig.  9,  E)  of  leaves  of  Sorgastrum  nutans  (L.)  Nash. 
A  surface  view  of  cleared  leaves  of  four  grasses  is  shown  in  Fig.  8,  D,  E, 
F,  G.  The  distribution  of  the  silicified  bulliform  cells  varies  from  single 
cells  to  groups.  Samples  of  leaves  with  a  higher  percentage  of  silicified  cells 
than  those  in  the  illustrations  used  have  been  found.  The  silica  deposited 
in  the  bulliform  cell  of  the  leaves  shown  is  clear  in  appearance  and  without 
any  discoloration.  Bulliform  cells  are  the  principal  source  of  the  large  cu- 
bical-, rectangular-,  and  keystone-shaped  silica  particles  in  plant  opal 
(Figs.  11,  12). 

STOMATA 

When  present,  stomata  are  located  in  rows  between  the  vascular 
bundles  (Fig.  1,  A,  B).  The  number  of  rows  varies  from  few  to  many. 
Some  grasses,  as  in  Calamagrostis  (Michx.)  Beauv.,  Calamovilfa  longifolia 
(Hook.)  Scrib.,  and  Spartina  pectinata  Link.,  do  not  have  any  stomata  on 
the  under  (abaxial)  side  of  the  leaf  blade. 

A  grass  stoma  is  formed  by  four  cells.  Two  interior  cells  are  the  guard 
cells  which  are  on  either  side  of  the  stoma,  and  the  two  exterior  cells  are 
the  subsidiary  cells  (Fig.  1,  A).  The  Panicoideae  usually  have  triangular-, 
or  low  dome-shaped  subsidiary  cells  (Figs.  1,  B;  5,  D),  while  in  the  Festu- 
coideae  they  are  parallel-sided  or  slightly  curved  (Fig.  1,  A) . 

When  silica  is  deposited  in  the  cells  in  an  area  of  the  epidermis,  in- 
cluding the  stomata,  the  guard  and  subsidiary  cells  also  become  silicified 
(Fig.  7).  Silicified  guard  and  subsidiary  cells  of  the  group  forming  a 
stoma  are  found  among  the  silica  skeletons  of  the  epidermis  but  seldom 


Fig.  13.  Silica  skeletons  from  the  leaves  of  grasses.  A,  B,  and  C  show  silica  skeletons  from 
approximately  equal  quantities  of  the  leaves  of  17  species  of  grasses  native  to  Illinois. 

A.  Silica  skeletons  containing  bulliform  cells,   long  epidermal   cells,   and   hooked 
trichomes.  X  150. 

B.  Silica  skeletons  of  long  epidermal  cells  with  notched  margins,  dumbbell-  and 
saddle-shaped  silica  bodies  as  well  as  other  cells.  X  150. 

C.  Small  size  particles  from  the  grass  mixture  contains  a  variety  of  cell  types.  Silica 
bodies,  and  silica  cells  from  the  silica-cork  pair  predominate.  X  150. 

D.  Silica  skeletons  from  bulliform  cells  of  Sorgastrum  nutans   (L.)   Nash.  Several 
keystone-shaped  particles  are  shown.  X320. 

E.  Silica  skeletons  from  a  mixture  of  four  species  of  Andropogon.  Present  are  silica 
skeletons  from  bulliform  and  other  epidermal  cells.  X320. 

(bl  =  bulliform    cells;    ep  =  epidermal    cells;    si-b  =  silica    bodies;    tr  =  hooked 
trichomes) 
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are  they  found  in  plant  opal.  These  cells  are  so  fragile  that  they  break  up 
into  fragments  that  cannot  be  identified.  The  guard  cells  have  a  granular 
appearance  at  the  ends,  but  the  subsidiary  cells  do  not. 

MESOPHYLL 

The  mesophyll  consists  of  thin-walled,  lobed  cells,  containing  the  chlo- 
roplasts,  and  located  between  the  epidermal  layers  (Fig.  9,  A).  From  the 
surface  of  the  leaf,  there  appear  to  be  many  small  round  cells  where  the 
mesophyll  cells  are  in  contact  with  the  epidermal  layer,  but  these  are 
actually  the  points  of  contact  of  the  lobes  of  the  mesophyll  (Bonnett, 
1961) .  The  lobes  of  the  cells  in  the  interior  of  the  mesophyll  make  contact 
in  any  plane  with  the  lobes  of  adjacent  cells.  Large  spaces  between  the 
lobes  give  the  mesophyll  a  spongy  appearance. 

The  mesophyll  becomes  silicified  beneath  silicified  epidermal  cells. 
Various  degrees  of  silicification  occur  from  the  upper  cell  walls  of  the 
cells  in  contact  with  the  epidermis  (Fig.  9,  B)  to  one  or  two  layers  of  cell 
of  the  mesophyll.  In  grass  leaves  chemically  treated  to  obtain  the  silicified 
cells,  silicified  mesophyll  is  usually  found  as  groups  of  cells  alone  or  at- 
tached to  the  silicified  epidermal  cells.  Groups  of  silicified  mesophyll  cells 
are  found  in  plant  opal  20-50  microns  in  size,  but  not  many  were  in  the 
sample  used  in  this  study.  In  the  plant  opal  ranging  from  5  to  20  microns 
in  size,  whole  cells  and  fragments  are  easily  found. 

PLANT  OPAL  IN  SOIL 

Samples  of  plant  opal  isolated  from  silt  loam  by  R.  L.  Jones  and  A.  H. 
Beavers,  University  of  Illinois,  and  L.  P.  Wilding,  Ohio  State  University, 
show  a  wide  range  of  sizes  and  shapes  of  particles  (Figs.  10,  11,  12) .  Nearly 
all  of  the  particles  of  plant  opal  can  be  identified  as  coming  from  grasses 
(Beavers  and  Stephens,  1959;  Jones  and  Beavers,  1964a,  1964b;  Smithson, 
1956,  1958;  Wilding,  1967).  Smithson  (1958)  found  that  plant  opal  from 
the  soil  was  like  the  silica  skeletons  from  the  grass  cover.  However,  Twiss 
et  al.  (1969)  found  that  plant  opal  was  also  added  to  the  soil  in  dust 
particles. 

An  examination  was  made  of  the  plant  opal  in  a  sample  of  surface  soil 
from  short  grass  pasture  (Bouteloua  and  Buchloe)  near  Alton,  Kansas.  It 
had  an  abundance  of  saddle-shaped  silica  bodies,  silica  cells,  trichomes, 
and  bulliform  cells  like  the  silica  skeletons  obtained  from  the  grasses  grow- 
ing in  it.  No  particles  of  plant  opal  were  found  that  could  be  identified  as 
coming  from  any  source  but  the  grass  cover,  but  this  does  not  preclude 
the  presence  of  dust-borne  particles. 
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Jones  and  Beavers  (1936a,  1964c)  found  sponge  spicules  and  other 
microfossils  among  the  plant  opal  in  some  of  the  soil  samples  from  Illinois 
and  Michigan. 

The  5-20  micron  sample  of  plant  opal  from  Jones  and  Beavers  has  more 
kinds  of  cells  than  the  20-50  micron  sample  (Fig.  10,  11).  It  has  silica 
bodies  of  all  types  (Fig.  4,  5) ;  silica  cells,  both  single  and  of  the  silica-cork 
pair  (Fig.  3) ;  trichomes  (Fig.  6) ;  long  cells  of  the  epidermis  (Fig.  7) ;  and 
a  few  bulliform  cells  (Fig.  8).  A  much  more  extensive  field  than  that 
represented  in  Fig.  10  must  be  examined  to  find  all  of  the  cell  types  de- 
scribed above.  Many  fragments  are  too  small  and  irregular  to  be  identified 
as  belonging  to  any  cell  type.  Fragments  are  also  found  among  the  small 
particles  of  silica  skeletons  obtained  from  grasses  (Fig.  13,  G) . 

The  plant  opal  (20-50  microns)  used  by  Jones  and  Beavers  (1964a) 
and  Wilding  (1967)  shown  in  Figs.  11  and  12  is  different  from  the  5-20 
micron  particles  (Fig.  10)  in  several  respects  other  than  size.  There  is  a 
predominance  of  solid  blocks  of  silica,  which  from  the  surface  view  are 
square,  long  and  short  rectangles,  and  keystone  in  shape  (Fig.  11,  A-D, 
and  Fig.  12,  A-D).  The  lumen  of  large  hook-shaped  trichomes  that  have 
been  filled  with  silica  (shown  in  Fig.  12,  C,  D)  are  without  the  epidermal 
layer  which  often  remains  attached  in  silica  skeletons  obtained  by  the 
chemical  process.  There  are  fewer  silica  cells,  silica  bodies,  and  fragments 
than  in  the  5-20  micron  fraction.  The  unidentifiable  fragments  are  larger 
than  in  the  smaller  fraction.  However,  the  flotation  process  used  to  separate 
the  two  sizes  of  particles  is  not  precise  enough  to  prevent  some  mixture  of 
larger  particles  in  the  smaller-sized  fraction  (Fig.  10) . 

The  square,  rectangular,  and  keystone-shaped  particles  in  Figs.  11  and 

12,  which  are  20-50  microns  in  size,  are  from  the  bulliform  cells  of  the 
grass  leaf.  These  solid  particles  come  from  many  of  the  Panicoid  species. 
The  chief  species  producing  these  particles  are  the  Andropogons  (prin- 
cipally A.  furcatus  Vitman,  and  A.  scoparious  Michx.),  Sorgastrum  nutans 
(L.)  Nash,  and  Panicum  virgatum  L.  All  belong  to  the  tall-grass  prairie 
of  Illinois  and  other  mideastern  states.  A  comparison  of  Figs.  11,  12,  and 

13,  A  and  B,  will  show  the  similarities  between  the  plant  opal  and  the  silica 
skeletons  obtained  from  a  mixture  of  17  grass  species  (Fig.  13,  C)   and 
other  Illinois  grasses  shown  in  Fig.  13,  D  and  E.  The  particles  in  Fig.  13, 
C,  D,  have  the  same  solid  square,  rectangular,  and  keystone  shapes  as  those 
in  Fig.  12,  C,  D. 

The  size  and  shape  of  the  plant  opal  particles  are  primarily  determined 
by  the  size  and  shape  of  the  plant  cell  in  which  the  silica  is  deposited  and 
by  the  degree  to  which  the  lumen  and  cell  wall  are  infiltrated.  The  size 
and  shape  of  plant  opal  are  indicated  in  the  samples  shown  in  Figs.  10, 
11,  and  12.  The  samples  of  plant  opal  represented  in  the  figures  mentioned 
above  do  not  represent  the  full  range  of  variation  that  can  be  found. 
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The  color  contrasts  among  particles  of  plant  opal  are  indicated  in  the 
photomicrographs  (Figs.  10-13).  Baker  (1959a)  and  Jones  and  Beavers 
(1963b)  described  plant  opal  as  having  particles  that  are  pinkish,  a  variety 
of  brown  shades,  and  grey  to  black.  These  color  differences  are  only  indi- 
cated in  the  black  and  white  photomicrographs  by  differences  in  the  shades 
of  black  and  white. 

The  size,  shape,  and  color  of  plant  opal  isolated  from  soil  have  been 
described  in  some  detail  by  Baker  (1959a  and  b)  for  Australian  soils,  and 
by  Jones  and  Beavers  (1963b)  for  Illinois  soils.  Twiss  et  al.  ( 1969)  made  a 
detailed  study  of  plant  opal  from  soil  and  also  from  dust  collected  at 
several  locations  in  Kansas  and  one  in  Texas.  The  plant  opal  obtained  was 
identified  as  coming  from  grasses  belonging  to  the  three  subfamilies,  Festu- 
coideae,  Chlorideae,  and  Panicoideae.  (Prat,  1936;  Hitchcock,  1950), 
which  are  prevalent  in  the  region  where  the  collections  were  made. 

Surface  features  and  appearance  of  opal  particles  have  been  described 
by  Baker  (1959a)  as  having  varied  characteristics,  among  which  are  de- 
pressions, pits,  and  a  rugose  appearance.  The  surface  was  described  by 
Jones  et  al.  (1964c)  as  pitted  and  etched.  It  also  has  a  granular  appear- 
ance like  a  good-quality  ground  glass  such  as  is  used  for  focusing  a  camera. 

These  surface  characteristics  are  not  strictly  the  result  of  weathering  in 
the  soil.  The  same  characteristics  can  be  found  in  silicified  cells  among  the 
long  cells  of  the  epidermis  of  cleared  grass  leaves  (Fig.  7,  B,  G).  A  com- 
parison of  the  plant  opal  particles  in  Fig.  12,  C,  with  the  silica  skeletons 
in  Fig.  13,  E,  shows  that  the  granular  appearance  is  in  the  silica  skeletons 
obtained  from  an  Andropogon  mixture  as  well  as  in  the  plant  opal. 

In  a  study  of  the  mineralogical  and  chemical  properties  of  plant  opal, 
Jones  and  Beavers  (1963b)  found  the  x-ray  diffraction  and  the  infrared 
absorption  of  plant  opal  to  be  similar  to  the  silica  separated  from  grass. 
They  found  that  plant  opal  was  quite  pure,  containing  only  about  1  percent 
of  carbon.  However,  sodium,  potassium,  calcium,  titanium,  manganese, 
iron,  copper,  and  nitrogen  were  found  associated  with  it  (Jones  and 
Beavers,  1963b). 

Estimates  of  the  amount  of  plant  opal  added  to  the  soil  each  year  and 
the  total  amount  accumulated  in  a  period  of  centuries  have  been  made. 
On  the  basis  of  a  ton  of  graminous  matter  (containing  2  percent  of  phyto- 
liths)  returned  to  an  acre  of  soil  each  year,  Baker  (1959a)  estimated  that 
20  pounds  of  phytoliths  would  be  added.  Jones  and  Beavers  (1964a)  and 
Wilding  (1967)  estimate  that  15  pounds  of  plant  opal  is  added  to  an  acre 
of  soil  each  year.  Jones  and  Beavers  (1964a)  calculated  that  for  a  depth  of 
35  inches,  an  acre  of  Cisne  had  76,750  pounds  and  Joy  77,100  pounds  of 
plant  opal  added  from  the  grass  cover  over  an  estimated  time  of  5,000 
years. 
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The  amount  of  plant  opal  varied  among  the  great  soil  groups  in  Illinois. 
The  greatest  amount  of  plant  opal  was  in  the  depth  of  0-10  inches,  the 
second  in  the  10-15  inch  depth,  and  the  third  in  the  15-20  inch  depth. 
From  20  to  35  inches  in  depth  the  amount  of  plant  opal  decreased 
markedly  (Jones  and  Beavers,  1964a) . 

SUMMARY 

Silica  skeletons  of  species  of  the  grass  subfamilies  Festucoideae,  Chlo- 
rideae,  and  Pancoideae  were  isolated  by  the  chemical  oxidation  of  stems, 
leaves,  and  inflorescences.  The  silica  skeletons  of  the  individual  species  and 
mixtures  were  examined  under  the  microscope  and  compared  with  the 
plant  opal  found  in  the  soil.  Cleared  grass  parts  were  also  examined  to 
locate  and  identify  the  silicified  cells  in  them. 

It  was  found  that  all  types  of  cells  may  be  silicified  to  varying  degrees 
and  varying  frequency.  The  silica  cells  of  the  silica-cork  pair  and  the 
silica  bodies  are,  with  few  exceptions,  completely  silicified.  Silicified  bulli- 
form  and  fundamental  cells  are  found  in  groups  of  varying  number,  or  as 
single  cells.  The  bulliform  and  fundamental  cells  may  be  completely  filled 
with  silica.  They  form  the  bulk  of  the  large  solid  particles  in  plant  opal. 
Silica  cells  of  the  silica-cork  pair,  silica  bodies,  small  particles  of  partly 
silicified  cell  walls,  and  deposits  of  varying  size  that  do  not  completely 
fill  the  lumen  of  the  cell  make  up  the  greater  amount  of  the  small  frag- 
ments in  plant  opal. 

The  particles  of  plant  opal  recovered  from  the  soil  by  the  various  in- 
vestigators cited  and  found  in  soil  samples  examined  could  be  identified 
as  coming  from  grasses.  The  species  represented  in  the  samples  of  plant 
opal  could  be  identified  as  to  subfamily  but  not,  with  certainty,  as  to 
species. 
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